Synaptic vesicle recycling sustains high rates of neurotransmission at the ribbon-type active zones (AZs) of mouse auditory inner hair cells (IHCs), but its modes and molecular regulation are poorly understood. Electron microscopy indicated the presence of clathrinmediated endocytosis (CME) and bulk endocytosis. The endocytic proteins dynamin, clathrin, and amphiphysin are expressed and broadly distributed in IHCs. We used confocal vglut1-pHluorin imaging and membrane capacitance (C m ) measurements to study the spatial organization and dynamics of IHC exocytosis and endocytosis. Viral gene transfer expressed vglut1-pHluorin in IHCs and targeted it to synaptic vesicles. The intravesicular pH was ϳ6.5, supporting only a modest increase of vglut1-pHluorin fluorescence during exocytosis and pH neutralization. Ca 2ϩ influx triggered an exocytic increase of vglut1-pHluorin fluorescence at the AZs, around which it remained for several seconds. The endocytic C m decline proceeded with constant rate (linear component) after exocytosis of the readily releasable pool (RRP). When exocytosis exceeded three to four RRP equivalents, IHCs additionally recruited a faster C m decline (exponential component) that increased with the amount of preceding exocytosis and likely reflects bulk endocytosis. The dynamin inhibitor Dyngo-4a and the clathrin blocker pitstop 2 selectively impaired the linear component of endocytic C m decline. A missense mutation of dynamin 1 ( fitful) inhibited endocytosis to a similar extent as Dyngo-4a. We propose that IHCs use dynamin-dependent endocytosis via CME to support vesicle cycling during mild stimulation but recruit bulk endocytosis to balance massive exocytosis.
Introduction
Sound encoding by inner hair cell (IHC) ribbon synapses is a fundamental step in hearing. Each of the active zones (AZs) of an IHC is thought to drive firing in a spiral ganglion neuron at rates of hundreds of Hertz during continued strong acoustic stimulation (for review, see Glowatzki et al., 2008; Pangršič et al., 2012) . This indefatigable signaling is accomplished through fast otoferlin-dependent replenishment of the readily releasable pool (RRP) Levic et al., 2011) , "non-inactivating" synaptic Ca 2ϩ influx (Moser and Beutner, 2000; Schnee and Ricci, 2003; Yang et al., 2006; Cui et al., 2007) , and efficient postsynaptic spike generation (Siegel, 1992; Rutherford et al., 2012) . Fusion of vesicles at high rates is balanced by endocytosis, likely starting with lateral clearance of vesicular proteins and lipids from the AZ (for review, see Neher and Sakaba, 2008) , which may involve an otoferlin-adaptor protein 2 interaction in IHCs (Duncker et al., 2013) , followed by their endocytic retrieval from the plasma membrane (Parsons et al., 1994; Moser and Beutner, 2000; Beutner et al., 2001; Lenzi et al., 2002) and subsequent synaptic vesicle recycling (Siegel and Brownell, 1986; Griesinger et al., 2005) . Two kinetically distinct types of endocytic retrieval-rapid (300 ms time constant) and slow (10 -20 s time constant)-have been described for IHCs (Moser and Beutner, 2000; Beutner et al., 2001) . Slow endocytosis has also been described in frog auditory hair cells, in which the time constant of retrieval seemed to scale with the amount of exocytosed vesicles (Cho et al., 2011) . Rapid endocytosis in IHCs was elicited by Ca 2ϩ uncaging, when cytosolic [Ca 2ϩ ] reached at least 15 M, and increasingly contributed to retrieval when [Ca 2ϩ ] was further elevated. Which modes of endocytosis-"kiss-and-run" endocytosis, clathrin-mediated endocytosis (CME), or bulk endocytosis (for review, see Wu, 2004 Smith et al., 2008; Clayton and Cousin, 2009; Dittman and Ryan, 2009; Royle and Lagnado, 2010; Ferguson and De Camilli, 2012 )-underlie these two types of membrane retrieval in IHCs remained unclear.
Little is known about the molecular regulation of hair cell endocytosis (Trapani et al., 2009; Boumil et al., 2010) . In fitful mice, carrying a dynamin 1 missense mutation that interferes with dynamin 1 dimerization and function (Boumil et al., 2010) , a subtle hearing impairment was found. It remained unclear whether this can be attributed to defective IHC endocytosis and whether dynamins 2 or 3 could partially compensate for the loss of dynamin 1 function. Moreover, although clathrin-coated pits and clathrin-coated vesicles can be found at the synaptic pole of IHCs (Siegel and Brownell, 1986; Sendin et al., 2007; , the importance of CME for IHC endocytosis has not been tested yet. Finally, the spatial organization of endocytosis remained to be investigated. Here, we studied the molecular physiology of IHC endocytosis using electron microscopy, immunohistochemistry, vglut1-pHluorin imaging, patch-clamp membrane capacitance (C m ) recordings, Ca 2ϩ uncaging, dynamin 1 mouse mutants, and pharmacological interference with dynamin and clathrin function.
Materials and Methods

Animals. Littermate Dyn1 ftfl/ftfl , Dyn1 ftfl/ϩ
, and Dyn1 ϩ/ϩ mice (Boumil et al., 2010) were compared for a genetic approach to dynamin function. C57BL/6/J mice were used for experiments using pharmacological intervention with endocytic processes and flash photolysis of caged Ca 2ϩ . CD1 mice were used for vglut1-pHluorin imaging. Otof Ϫ /Ϫ and Otof ϩ /ϩ mice (Roux et al., 2006; Reisinger et al., 2011) were used for flash photolysis of caged Ca 2ϩ . All mice were of either sex and examined at the age of 2-3 weeks. All experiments complied with national animal care guidelines and were approved by the University of Göttingen board for animal welfare and the animal welfare office of the state of Lower Saxony.
Immunohistochemistry and confocal microscopy of immunolabeled IHCs. Freshly dissected apical cochlear turns were fixed with 4% formaldehyde in PBS for 1 h on ice. Thereafter, the tissue was washed three times for 10 min in PBS and incubated for 1 h in goat serum dilution buffer (GSDB: 16% normal goat serum, 450 mM NaCl, 0.3% Triton X-100, and 20 mM phosphate buffer, pH 7.4) in a wet chamber at room temperature. Primary antibodies were dissolved in GSDB and applied overnight at ϩ4°C in a wet chamber. After washing three times for 10 min (wash buffer: 450 mM NaCl, 20 mM phosphate buffer, and 0.3% Triton X-100), the tissue was incubated with secondary antibodies in GSDB in a lightprotected wet chamber for 1 h at room temperature. Then the preparations were washed three times for 10 min in wash buffer and once for 10 min in 5 mM phosphate buffer, placed onto glass microscope slides with a drop of fluorescence mounting medium (Mowiol or 2,2-thiodiethanol), and covered with thin glass coverslips. The following antibodies were used: mouse IgG1 anti-CtBP2 (also recognizing the ribbon protein ribeye; 1:200; BD Biosciences), mouse anti-otoferlin (1:500; Abcam), mouse anti-clathrin light chain (1:1000; specific for the neuronal splice variants; Synaptic Systems), mouse anti-dynamin 1/2/3 (1:200; BD Biosciences), rabbit anti-clathrin heavy chain (1:400; Biozol), rabbit anti-dynamin 1 (1:200; Synaptic Systems), rabbit anti-dynamin 3 (1: 1000; Synaptic Systems), rabbit anti-calbindin D-28k (1:1000; Swant), rabbit anti-amphiphysin (1:400; Synaptic Systems), rabbit anti-vglut3 (1:500; Synaptic Systems), guinea pig anti-vglut1 (1:1000; Synaptic Systems), and secondary Alexa Fluor 488-, Alexa Fluor 568-, and Alexa Fluor 633-labeled goat anti-mouse, anti-guinea pig, and anti-rabbit antibodies (1:200; Invitrogen). Confocal images were acquired using a laser scanning confocal microscope (Leica TCS SP2 or SP5; Leica Microsystems) with 488 nm (argon), 561 nm (helium-neon), and 633 nm (heliumneon) lasers for excitation and a 63ϫ oil-immersion objective [1.4 numerical aperture (NA); Leica]. Images were processed using NIH ImageJ and assembled for display in Adobe Illustrator software.
Electron microscopy. Apical turns of the organ of Corti were prepared and either stimulated for 2 min at 36°C with a solution (in mM: 40 KCl, 108 NaCl, 1 MgCl 2 , 1.3 CaCl 2 , and 10 HEPES) and subsequently fixed for 1 h on ice with 4% PFA and 0.5% glutaraldehyde in 1ϫ PBS, pH 7.2, or immediately fixed for 1 h on ice with the same fixative. Subsequently, samples were fixed overnight on ice with secondary fixative comprising 2% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2. The samples were washed in sodium cacodylate buffer and postfixed on ice for 1 h with 1% osmium tetroxide (v/v) in 0.1 M sodium cacodylate buffer, followed by a 1 h washing step in sodium cacodylate buffer and three brief washing steps in distilled water. The samples were stained en bloc with 1% (v/v) uranyl acetate in distilled water for 1 h on ice. After a brief wash with distilled water, samples were dehydrated at room temperature in increasing ethanol concentrations, infiltrated in Epon resin [100% EtOH/Epon 1:1 (v/v), 30 and 90 min; 100% Epon, overnight], and embedded for 48 h at 70°C. After conventional embedding, 65-75 nm sections were obtained approaching from the anterior edge using an Ultracut E (Reichert-Jung). Sections were postfixed and stained with uranyl acetate/lead citrate following standard protocols. Micrographs were taken with a JEOL electron microscope (JEM 1011) equipped with a Gatan Orius 1200A camera using the Digital Micrograph software package at an 8000-fold magnification. The diameter of clathrin-coated and synaptic vesicles was measured between the inner membrane boundaries. The diameter (d) of clathrin-coated pits was determined by measuring the circumference ( C) of the inner leaflet of the membrane and calculated using d ϭ C/.
Expression of vglut1-pHluorin in IHCs. Complementary DNA of pHluorin-coupled VGLUT1 (kindly provided by Robert Edwards, University of California, San Francisco, San Francisco, CA) was subcloned into adeno-associated virus (AAV)-human beta actin promoter-eGFPwoodchuck posttranscriptional regulatory element-bovine growth hormone vector using an EcoRI and a HindIII restriction site introduced through PCR. Virus was produced as described previously , using capsid proteins of serotype 1 and 2 (AAV1/2). IHCs were transduced by transuterine injection of otocysts in pregnant CD1 dams at postcoital day 11.5 (Bedrosian et al., 2006; Brigande et al., 2009; Reisinger et al., 2011) .
Patch-clamp, flash photolysis of caged Ca 2ϩ , and confocal pHluorin imaging of IHCs. IHCs from apical coils of freshly dissected organs of Corti were patch clamped at room temperature (22-24°C) as described previously (Moser and Beutner, 2000) . For recordings of Ca 2ϩ current and exocytosis, the pipette solution contained the following: 130 mM Csgluconate, 10 mM tetraethylammonium (TEA)-Cl, 10 mM 4-AP, 10 mM HEPES, 1 mM MgCl 2 , and 300 g/ml amphotericin B (for perforatedpatch recordings), pH 7.2. For ruptured patch recordings, 2 mM Mg-ATP and 0.3 mM Na-GTP (in all experiments but a subset displayed in Fig. 6 ) were added to the solution, as well as 30 M of either Dyngo-4a (for pharmacological intervention with dynamin-mediated endocytosis; Howes et al., 2010 ; purchased from Tocris Bioscience) or Dyngo-8a (as a negative control; Daniel et al., 2012 ; kindly provided by Dr. Phillip Robinson, Children's Medical Research Institute, Westmead, Australia) or Pitstop 2 (for pharmacological intervention with CME). For experiments using GTP␥S, the GTP in the intracellular solution was replaced by 0.3 mM GTP␥S (Tocris Biosciences or Sigma-Aldrich). The extracellular solution contained the following (in mM): 99 NaCl, 35 TEA-Cl, 2.8 KCl, 2 or 5 CaCl 2 , 1 MgCl 2 , 5 4-AP, 1 CsCl, 10 HEPES, and 11.3 D-glucose, pH 7.2. For pHluorin imaging, the intracellular solution contained the following (in mM): 131.5 Cs-glutamate, 13 TEA-Cl, 20 CsOH-HEPES, 1 MgCl 2 , 2 MgATP, 0.3 NaGTP, 0.5 EGTA, and 0.04 dimeric carboxytetramethylrhodamine-conjugated ribeye-binding peptide (Francis et al., 2011 , and some of the responses were taken from previous work (Roux et al., 2006; , in which endocytosis was not quantified. EPC-9 amplifiers (HEKA) controlled by Pulse or Patchmaster software (HEKA) were used for measurements. All voltages were corrected for liquid junction potentials. Currents were leak corrected using a p/10 protocol.
For C m measurements, IHCs were stimulated by depolarizations of different durations to Ϫ14 mV at intervals of 60 -120 s. We measured C m changes (⌬C m ) using the Lindau-Neher technique (Lindau and Neher, 1988) as described previously (Moser and Beutner, 2000) . The exocytic ⌬C m was quantified as the difference of the averaged C m 400 ms before and after (skipping the first 100 ms) the depolarization. Mean ⌬C m and Ca 2ϩ charge estimates present grand averages calculated from the mean estimates of individual IHCs. This avoided dominance of IHCs contributing more sweeps. The endocytic decrease of C m after a depolarizationinduced exocytic ⌬C m was measured over 20 s after a 2-s-long recording of C m baseline and 20, 200, or 1000 ms of depolarization. Analysis of the linear component of endocytosis after brief depolarizations (20 ms) was performed by fitting a linear function to the postdepolarization C m data, skipping the first 200 ms, and noting the point at which the line fit returned to baseline C m . Recordings that did not return to baseline within 80 s were excluded from this analysis. We analyzed the exponential component of C m decline after extended depolarization by fitting a linear function to the final 5 s of C m data and subtracting the extrapolated fit. The residual was then fitted with an exponential function using a genetic curve-fitting algorithm (Sanchez del Rio and Pareschi, 2001) . In a few cases, the fitting window for the linear component was slightly adjusted to exclude C m artifacts. Recordings that could not be reliably fitted or that contained strong artifacts were discarded. All cells showed a pronounced, depolarization-independent decrease of C m during the recording, which was corrected for by fitting and subtracting an exponential function to the baseline C m as recorded during the entire experiment (see Fig. 5 ). Occasional increases of baseline C m late in the recordings were not included into the fit, because we interpret them as pathological changes reflecting lack of compensation of excessive exocytosis after 1000 ms depolarization or compromised cell condition.
For vglut1-pHluorin imaging, an Olympus Fluoview 300 confocal scanner mounted to a BX50WI microscope (0.9 NA, 60ϫ waterimmersion objective; Olympus), a 50 mW, 488 nm solid-state laser (Cyan; Newport-Spectraphysics), and a 1.5 mW, 543 nm helium-neon laser were used. Calibration of intravesicular pH was performed with extracellular solutions containing 20 M carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP). For nonneutral solutions, the pH buffer HEPES was replaced with equimolar amounts of MES (pH 5.5 and 6.5) or tricine (pH 8.0 and 9.0). Changes in vglut1-pHluorin fluorescence during patchclamp recordings were monitored with 56 ϫ 56 pixel (pixel size, 131 nm) images acquired at 10 Hz (first 4 s) and 2 Hz (after 4 s). Cells were stimulated by a 100 ms depolarization to Ϫ17 mV, after 1.5 s of baseline period. Fluorescence traces were extracted from 7 ϫ 7 pixel regions of interest (ROIs) and corrected for bleaching. The bleaching rate was estimated by fitting the average fluorescence in the cytosolic region using a double-exponential function with a linear component. This function, scaled to the baseline fluorescence of each ROI, was subtracted from individual fluorescence traces to yield the ⌬F trace. Analysis of electrophysiology and imaging data was performed in Igor Pro 6 software (Wavemetrics) and NIH ImageJ. Means were expressed ϮSEM and compared using Student's unpaired t tests or Wilcoxon's rank tests as appropriate, with *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001. Average capacitance traces were filtered with a 50 Hz low-pass filter for better display of data.
Results
Structural correlates of endocytosis and expression of endocytic proteins in IHCs
Using electron microscopy, we observed clathrin-coated pits at the plasma membrane and clathrin-coated vesicles in the close vicinity of the IHC AZs ( Fig. 1A-C ). In addition, we found membrane infoldings and large cisternae most likely reflecting bulk endocytosis ( Fig. 1A-D) , which appeared more abundant in cells that had been stimulated with a high K ϩ solution before fixation (Fig. 1C,D) . Some of these membranous structures also showed coated parts likely indicating the clathrin-mediated budding of vesicles from the previously endocytosed cisternae. Indeed, such coats also covered aspects of membrane infoldings that still remained connected to the surface ( Fig. 1 B, C) . Interestingly, clathrin-coated vesicles were significantly larger (average diameter, 54.2 Ϯ 1.0 nm) than synaptic vesicles (average diameter, 30.6 Ϯ 0.4 nm; p Ͻ 0.001), which is evident from comparing the inner diameter of both structures (Fig. 1E) . The same applies to clathrin-coated pits at the plasma membrane that exhibited an average diameter of 65.1 Ϯ 6.6 nm.
We then used immunohistochemistry and confocal microscopy to demonstrate the expression and subcellular distribution of dynamin(s) ( Fig. 2A-C) , amphiphysin (Fig. 2D ), the neuronal splice variant of clathrin light chain (Fig.  2E) , and clathrin heavy chain ( Fig. 2F ) in IHCs. IHCs were successfully labeled by antibodies thought to selectively recognize dynamin 1 or dynamin 3 as well as by a pan-dynamin antibody, indicating expression of dynamins 1 and 3. Knock-outcontrolled studies of dynamin expression in IHCs of hearing mice will have to await hair cell-specific deletion of dynamins. IHCs showed a broad distribution of dynamin 1 and 3, clathrin heavy chain, and weak amphiphysin immunofluorescence ( Fig. 2 A , C, D, F ) . Different from what was reported recently for retinal photoreceptors (Wahl et al., 2013) , no obvious enrichment of these proteins around the ribbon-type AZ was found. Efferent (and potentially also afferent) neurons showed immunofluorescence for dynamins 1 and 3, clathrin light chain, and prominently for amphiphysin.
Characterizing the use of vglut1-pHluorin for studying exocytosis and endocytosis at single IHC synapses We used transuterine injections of AAV into the embryonic otocyst (Bedrosian et al., 2006; Brigande et al., 2009; Reisinger et al., 2011) to express vglut1-pHluorin in IHCs. Vglut1-pHluorin was distributed throughout the IHC and overlapped with vglut3 immunofluorescence in transfected IHCs (Fig. 3 A, B) . IHCs showed substantial vglut1-pHluorin fluorescence already at rest, which on average increased twofold on collapsing the vesicular pH gradient by application of 40 mM extracellular NH 4 Cl, pH 7.4. This modest fluorescence gain during dequenching indicates that the intravesicular pH of vglut1-pHluorin-positive IHCs is less acidic compared with that of conventional presynaptic terminals in culture (pH ϳ5.5; Miesenböck et al., 1998) , in which an ϳ10-fold increase in fluorescence can be observed (Miesenböck et al., 1998) . To address this question further, we studied the vglut1-pHluorin fluorescence as a function of pH using the protonophore FCCP (20 M; Fig. 3C,D) . We found changes in the range of 7-to 20-fold between pH 5.5 and pH 9 (Fig. 3C,D) , demonstrating intact vglut1-pHluorin expression and function, as well as appropriate measurement conditions. Moreover, these experiments indicate that the intraluminal pH of vglut1-pHluorin-positive organelles in a resting IHC is ϳ6.5. Given the concurrent presence of synaptic vesicle-like organelles and other intracellular membranous structures such as endocytic cisternae in the base of the IHC and the likely presence of vglut1-pHluorin in these compartments, organelles other than synaptic vesicles may contribute to the high background signal in IHCs.
Next, we combined confocal vglut1-pHluorin imaging with IHC patch clamp and marked the AZ by a ribeye-binding fluorescent peptide (Francis et al., 2011) . Ca 2ϩ influx elicited by 100-ms-long step depolarizations to Ϫ17 mV caused the appearance of significant vglut1-pHluorin fluorescence hotspots at the AZs ( Fig. 4A-C ; p Ͻ 0.01 for comparison with baseline), which was paralleled by exocytic increase of C m (data not shown). ROIs centered on the plasma membrane away from the ribbons showed very little or no increase in fluorescence (Fig. 4A-C) . The decline of synaptic vglut1-pHluorin fluorescence after exocytosis, reflecting the combination of membrane retrieval and reacidification, appeared to proceed with a fast and a slow component, similar to that observed for the endocytic C m decay (Fig. 5B) . The fluorescence decline was significant already 10 s after the end of the stimulus ( p Ͻ 0.01), but additional quantification of kinetics was hampered by the relatively low signal-tonoise ratio. In conclusion, pHluorin imaging is feasible in IHCs, albeit with lower signal-to-noise ratio than described for cultured neurons, and indicated preferential occurrence of exocytosis and endocytosis at AZs in IHCs.
C m measurements reveal two kinetic components of membrane retrieval after Ca 2؉ influx-triggered exocytosis We used perforated-patch recordings of IHC C m to assess exocytosis and the time course of endocytic membrane retrieval after strong depolarization (to Ϫ14 mV) for different durations. We found that brief depolarizations (20 ms, primarily recruiting the RRP; Moser and Beutner, 2000) mostly resulted in a slow, linear C m decline ( Fig. 5A ; also see Figs. 7, 9, 10), whereas longer depolarizations (200 and 1000 ms) additionally evoked an exponentially decaying C m component ( Fig. 5B ; also see Figs. 6, 7, 9, 10) , which became apparent when the amount of exocytosed membrane surpassed ϳ30 -40 fF, approximately three to four times the size of the RRP, and whose amplitude increased with the amount of preceding exocytosis (Fig. 5D) . The time constant of the exponential C m decline in perforated patch configuration A, Dynamin 1 (green) and ctbp2/ribeye (magenta, labeling the ribbon synapses); B, dynamin 1/2/3 (green) and otoferlin (magenta); C, dynamin 3 (green) and otoferlin (magenta); D, amphiphysin (green) and ctbp2/ribeye (magenta); E, clathrin light chain (green) and calbindin (magenta); and F, clathrin heavy chain (green) and ctbp2/ribeye (magenta). IHCs show strong staining for dynamin and clathrin heavy chain and weak staining for amphiphysin throughout the cytosol. Scale bars, 10 m. averaged to 5.7 Ϯ 0.8 s (n ϭ 14 IHCs) and seemed primarily independent of the amount of exocytosis (Pearson's correlation coefficient of Ϫ0.09; and data not shown). The linear component of endocytosis was observed with similar rates also after long depolarizations, in which it was quantified by fitting a linear function to the final 5 s of the C m data (Fig. 5B, thick gray line) , indicating that this mode of endocytosis is limited in speed. Throughout these long recordings, we observed a slow C m decline (Figs. 5C, 6A ) that was also observed in the absence of stimulation and in otoferlin-deficient IHCs (data not shown), which almost completely lack depolarization-induced exocytosis (Roux et al., 2006) . Possible mechanisms underlying this phenomenon include (1) an imbalance of basal exocytosis and endocytosis under these recording conditions and (2) a slow creeping up of membrane into the patch pipette attributable to capillary force. We attempted to correct for this trend in our endocytosis analysis as detailed in Materials and Methods. Recordings in the rupturedpatch configuration with 0.3 mM GTP in the pipette solution showed a robust endocytic C m decline with properties that were mostly comparable with data acquired with perforated patch. Specifically, the time of return to baseline was unchanged for short depolarizations (Fig. 5E ; 18.0 Ϯ 2.3 vs 18.3 Ϯ 3.5 s in ruptured patch vs perforated patch, respectively), indicating an unaltered linear component of membrane retrieval. Likewise, the kinetics of the exponential component were comparable ( Fig. 5G ; time constant: 4.7 Ϯ 0.8 vs 5.7 Ϯ 0.8 s), whereas its amplitude was significantly increased ( Fig.  5H ; 129 Ϯ 20 vs 57 Ϯ 18 fF, p Ͻ 0.01), suggesting a larger contribution of this component to overall retrieval.
Hydrolysis of GTP is required for normal exocytosis and endocytosis in IHCs
To determine whether global inhibition of GTP hydrolysis would block endocytic membrane retrieval as shown previously in several secretory preparations, including retinal bipolar cells (Jockusch et al., 2005) and calyx of Held (Yamashita et al., 2005) , we performed ruptured-patch experiments either removing GTP from the intracellular solution or replacing it with the nonhydrolysable GTP analog GTP␥S (0.3 mM). We found that, in most cells, C m increased rapidly right after infusion of GTP␥S, which strongly contrasts with the typical C m decline observed in rupturedpatch recordings with GTP in the patch pipette (Fig. 6A ) and perforated-patch experiments (see above; Fig. 5C ). Only 3 of 10 IHCs infused with GTP-free intracellular solution showed a slight increase in C m . Although exocytosis triggered by Ca 2ϩ influx is negligible at the negative holding potentials used (Ϫ84 mV), it remains unclear whether the observed C m rise solely reflected constitutive exocytosis not further balanced by endocytosis or also included GTP␥S-induced exocytosis (Fernandez et al., 1984; Rupnik and Zorec, 1995) . Interestingly, Ca 2ϩ influxevoked exocytic C m increments were reduced in amplitude in the absence of GTP and even more so in the presence of GTP␥S (Fig.  6B ). Because our standard exponential fit for correcting the slow changes of baseline C m was not applicable, we fitted a linear function to the predepolarization C m and subtracted it from the C m trace. The exponential component of membrane retrieval seemed somewhat slower in the absence of GTP (time constant of 8.3 Ϯ 2.2 s, p ϭ 0.16, one recording did not show an exponential component of retrieval) and was primarily blocked in the presence of GTP␥S (Fig. 6B) . Recordings with GTP␥S were generally less stable and often lost a few minutes after gaining access, limiting the depth of analysis.
Pharmacological interference with dynamin inhibits the linear component of membrane retrieval
In an attempt to more specifically unravel the role of dynamin in IHC endocytosis, we treated IHCs with 30 M of the dynamin inhibitor Dyngo-4a (Howes et al., 2010) or its inactive variant Dyngo-8a (Daniel et al., 2012) applied via the patch pipette in ruptured-patch experiments. We found that neither Ca 2ϩ current amplitude (Fig. 7A) brane retrieval, we found that the linear C m decline after RRP exocytosis (evoked by brief depolarizations) was slowed in Dyngo-4a-treated cells (C m returned to baseline after ϳ30 s compared with ϳ15 s in Dyngo-8a-treated cells, p Ͻ 0.05; Fig.  7 B, D) . A trend toward slowed kinetics of the linear component of endocytosis of Dyngo-4a-treated cells was also observed in response to 200 ms depolarizations (Fig. 7C,E) , but it did not quite reach statistical significance ( p ϭ 0.09). No difference was observed between both conditions for the amplitude (Fig. 7F ) or the time constant (Fig. 7G ) of the exponential component of the endocytic C m decline after these prolonged depolarizations. In summary, the two kinetic modes of endocytic C m retrieval appear to differ in their dynamin requirement.
To examine whether dynamin inhibition perhaps via a potential accumulation of vesicular membrane and proteins at the AZ membrane after repeated stimulation results in an impairment of exocytosis, we studied ⌬C m in response to trains of 10 ϫ 1 s depolarizations presented at 0.7 Hz but found no reduction in Dyngo-4a-treated cells when compared with Dyngo-8a-treated cells (Fig. 8) . Instead, the slightly higher total ⌬C m in Dyngo-4a-treated cells, not yet reaching statistical significance, potentially indicated a changed balance between exocytosis and endocytosis attributable to less efficient slow endocytosis in these cells. This suggests that the exponential component of endocytic membrane retrieval, which likely reflects bulk endocytosis and was not altered by Dyngo-4a inhibition of dynamin, provides for sufficient vesicle recycling and/or that there is a large reserve pool of synaptic vesicles that enables RRP replenishment.
Genetic disruption of dynamin 1 function inhibits the linear component of membrane retrieval
To verify the results of the pharmacological inhibition and to elucidate which dynamin isoform is involved, we turned toward studying endocytosis in IHCs of dynamin 1 mutant mice. We investigated fitful mouse mutants, carrying a point mutation in dynamin 1 that results in impaired dynamin 1 dimerization and function and causes a slight hearing deficit (Boumil et al., 2010) . These mice offer the advantage that data from mature (P14 -P17) IHCs can be acquired, in contrast to constitutive dynamin 1 knock-out mice that die before the onset of hearing (Ferguson et al., 2007 ; data not shown). In the mutant IHCs, we found unchanged Ca 2ϩ currents and exocytosis (Fig. 9A) . However, the time required for C m to return to baseline after 20 ms depolarization was significantly slowed ( p Ͻ 0.05; Fig. 9 B, D) . Conversely, endocytosis in response to prolonged depolarization appeared normal in fitful IHCs (Fig.  9C, F, G) , although a trend toward slower rates of the linear C m decline was observed, which did not reach statistical significance ( Fig. 9E; p ϭ 0.41) . The similar effect of genetic disruption of dynamin 1 function on the linear component of endocytosis when compared with that of the pharmacological dynamin inhibition by Dyngo-4a suggests that Dyngo-4a primarily worked via inhibiting dynamin 1.
Pharmacological interference with clathrin function inhibits the linear component of membrane retrieval
We next used pitstop 2, a clathrin inhibitor (von Kleist et al., 2011) , to test the clathrin dependence of IHC endocytosis. Pitstop 2 (30 M, diluted in 0.1% DMSO) was applied to IHCs by bath perfusion for at least 10 min. Exocytosis and endocytosis were probed by 20-, 200-, and 1000-ms-long depolarizations to Ϫ14 mV. Exocytic C m changes were not significantly altered compared with control cells for any of the stimulus durations (Fig. 10A) . However, the C m return to baseline after 20 ms depolarization (linear component) was slowed in the presence of pitstop 2 (Fig. 10 B, D ; p Ͻ 0.05). Again, a nonsignificant trend toward slower rates of the linear component was observed for the 200 ms depolarizations in pitstop 2-treated cells ( Fig. 10E ; p ϭ 0.45). Conversely, the exponential component of the endocytic C m decline in response to 200 ms depolarization was not affected (Fig. 10C, F, G) , suggesting that this mode of membrane retrieval does not require clathrin function in IHCs. In summary, the data indicate that clathrin, as dynamin, is required for the linear component of endocytic C m retrieval, whereas the exponential component seems independent of clathrin and dynamin 1 function.
Genetic disruption of otoferlin does not interfere with rapid endocytosis and its Ca
2؉ dependence Otoferlin has been implicated in the regulation of vesicle fusion and replenishment in IHCs (Roux et al., 2006; Johnson and Chapman, 2010; Pangršič et al., , 2012 otoferlin is hampered by the strong reduction of Ca 2ϩ -triggered exocytosis. However, otoferlin-deficient IHCs display reduced but still sizable exocytosis and endocytosis in response to Ca 2ϩ uncaging (Roux et al., 2006) , whereby a quantitative analysis of endocytosis remained to be performed. Here, we analyzed the kinetics and Ca 2ϩ dependence of rapid endocytosis in IHCs lacking otoferlin (Otof Ϫ /Ϫ ; Roux et al., 2006; Reisinger et al., 2011) . Figure 11A displays the average C m responses of Otof ϩ/ϩ and Otof Ϫ /Ϫ IHCs, pooling new results with previously published data (Roux et al., 2006; . In line with strongly reduced exocytosis in Otof Ϫ /Ϫ , we found much lower maximal rates of endocytosis (Fig. 11B-D) . The kinetics of rapid endocytosis (Fig. 11F ) and its contribution to membrane retrieval (Fig. 11 B, C,E) were similar between IHCs of the different genotypes. Moreover, as reported for wild-type IHCs (Beutner et al., 2001) , the kinetics of rapid endocytosis seemed primarily independent of the [Ca 2ϩ ] achieved by Ca 2ϩ uncaging (Fig. 11F ). In conclusion, these data suggest that the lack of otoferlin does not disrupt the rapid mode of endocytosis in IHCs. . Infusion of GTP␥S blocks endocytosis and also reduces the amount of exocytosis, whereas lack of GTP leads to reduced exocytosis and a trend toward slower endocytosis (time constant of 8.3 Ϯ 2.2 s without GTP vs 4.6 Ϯ 1.1 with GTP, p ϭ 0.16, one GTP-free recording did not show an exponential component of retrieval).
Discussion
Here we characterized three kinetic modes of endocytic membrane retrieval in mouse IHCs and provide first insight into their molecular regulation. We present evidence for a slow clathrinand dynamin 1-dependent mode of membrane retrieval. It apparently proceeds with a limited and nearly constant rate and probably represents CME. Ca 2ϩ influx-triggered exocytosis exceeding approximately three to four equivalents of the RRP increasingly recruits an additional exponential component of membrane retrieval. It proceeds with a time constant of ϳ6 s, seems to be clathrin and dynamin independent, and probably represents bulk endocytosis. Rapid endocytosis (time constant of ϳ250 ms) after global [Ca 2ϩ ] elevation to 15 M or more seemed mostly unaffected by otoferlin disruption and, because of its speed, may reflect kiss-and-run endocytosis. Finally, we characterized vglut1-pHluorin imaging for studying exocytosis and endocytosis in IHCs and indicate local membrane cycling.
Insights into IHC endocytosis from C m and pHluorin recordings Analysis of hair cell endocytosis by C m measurements and optical methods (Gale et al., 2001; Griesinger et al., 2002; Granseth et al., 2006 ; the present study) requires consideration of potential caveats. First, whole-cell C m measurements lack spatial resolution and report the sum of exocytic membrane fusion and endocytic membrane fission. Finding that vglut1-pHluorin fluorescence primarily increases at ribbon-type AZs (Fig. 4) argues that Ca 2ϩ influx-triggered exocytosis preferentially occurs synaptically, which is consistent with other lines of evidence (Griesinger et al., 2005; Schnee et al., 2005; Goutman and Glowatzki, 2007; Li et al., 2009; ). vglut1-pHluorin fluorescence remained near the AZs for several seconds, which seems hard to reconcile with a vivid diffusion of exocytosed membrane and proteins to the apical pole of the hair cell for endocytosis (Griesinger et al., 2005) . Therefore, we favor the hypothesis of a local recycling of synaptic vesicle membrane and proteins, which is further supported by parallel work using a novel fluorescent membrane tracer (N. H. Revelo, D. Kamin, A. B. Wong, K. Reuter, E. Reisinger, T. Moser, and S. O. Rizzoli, unpublished observations).
Second, the C m decline reports the reduction of membrane accessible to voltage clamp. However, we cannot rule out that membrane infoldings that remained connected to the extracellular space via narrow membrane necks or even fission pores escaped the voltage clamp and were mistaken as completely retrieved. This could explain why pitstop 2 and Dyngo-4a apparently had no effect on the exponential component of the C m decline, whereby the GTP␥S effect might then be attributed to continued G-protein-driven asynchronous exocytosis (Fernan- dez et al., 1984; Rupnik and Zorec, 1995) , balancing the extent of membrane infolding in a quantitative manner. Alternatively, the discrepancy between the effects of Dyngo-4a and GTP␥S might be explained by the inhibition of activity of dynamin 3 by GTP␥S but not Dyngo-4a. Third, using vglut1 rather than the physiologically expressed vglut3 for pHluorin imaging may have altered vesicular function, and future experiments using vglut3-pHluorin will be useful. Fourth, exocytosis and endocytosis are strongly influenced by temperature (Nouvian, 2007; Renden and von Gersdorff, 2007 cytic membrane retrieval in hair cells can also be measured in ruptured-patch configuration, which likely relates to GTP being present in the intracellular solution in our experiments (Fig. 6) but not in the study by Parsons et al. (1994) .
IHCs uses a rate-limited clathrin-and dynamin-dependent membrane retrieval that balances exocytosis at low rates of stimulation Regardless of the amount of preceding exocytosis, we observed a linear decline of C m that proceeded with a rate of ϳ1-2 fF/s, which corresponds to the retrieval of approximately two to four synaptic vesicle equivalents ( Daniel et al., 2012) , inhibited this mode of membrane retrieval, indicating that it represents dynamindependent CME. Moreover, this component of C m decline was also inhibited by a missense mutation in dynamin 1 ( fitful ) that we showed previously to interfere with dynamin 1 dimerization and to cause a mild hearing impairment (Boumil et al., 2010) . Because the effects of the fitful mutation and of Dyngo-4a, which at concentration used (30 M, applied via the patch pipette) likely blocks dynamin 1 and 2, were comparable, we suggest that dynamin 1 is the prevailing dynamin isoform mediating membrane fission during the linear component of C m decline in IHCs of hearing mice. Although interference with dynamin and clathrin function did not reach significance for endocytosis after 200 ms stimuli, we assume that the substantial variability of the C m decline masked the inhibition of the linear component of C m decline. This slow mode of IHC endocytosis is reminiscent of the slow mode of endocytosis in goldfish retinal bipolar neurons for its clathrin and dynamin dependence (Jockusch et al., 2005) . However, different from these ribbon synapses and the calyx of Held, which use a fast exponential mechanism of limited capacity to retrieve membrane after brief Ca 2ϩ influx (Sun et al., 2002; Yamashita et al., 2005; Renden and von Gersdorff, 2007; Lou et al., 2008; Llobet et al., 2011) , IHCs use this slow mode for compensating low rates of exocytosis.
The exponential component of C m decline increases with the amount of exocytosis and likely represents bulk endocytosis When the amount of exocytosis exceeded approximately three to four RRP equivalents, IHCs recruited a second, exponentially decaying component of C m decline. This component increased in amplitude with the amount of preceding exocytosis (Fig. 5D ) but the decay time constant was nearly constant, contrasting with reports from frog auditory hair cells in which the time constant scaled with preceding release (Cho et al., 2011) . This component might represent bulk endocytosis (for review, see Clayton and Cousin, 2009) , used in addition to the slower clathrin-dependent mode of membrane retrieval when a certain threshold of exocytosis or accumulated Ca 2ϩ charge is passed. Indeed, there is good evidence for bulk endocytosis at ribbon synapses in general (Holt et al., 2003; Paillart et al., 2003; Coggins et al., 2007) and also at hair cell synapses ( Fig. 1 ; Lenzi et al., 2002) . However, different from bipolar cells (von Gersdorff and Matthews, 1994; Neves and Lagnado, 1999; Llobet et al., 2011) , its contribution seems to increase with the amount of preceding exocytosis in IHCs (Fig.  5D) . We postulate that IHCs use bulk endocytosis as a mechanism to increase the surface on which the endocytic machinery can operate to recycle vesicles, while maintaining the perisynaptic plasma membrane organization during strong exocytic load. This view is supported by the presence of cisternal membrane organelles around the AZ, which exceed the size of coated vesicles but in many cases show a clathrin coat on some part of the membrane (Fig. 1 A, D) . It will be interesting to test whether, as for bulk endocytosis in CNS terminals, this mode of endocytosis is regulated by Ca 2ϩ and calcineurin (Clayton et al., 2009; Yamashita et al., 2010) . However, CME seems not to immediately recycle synaptic vesicles either, because clathrin-coated vesicles are approximately twofold larger than synaptic vesicles in IHCs (Fig. 1E) . 
